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(57) ABSTRACT

The present invention relates to a method for monitoring the
integrity of an inertial measurement assembly (10) of an
aircraft, the measurement assembly comprising at least one
high-grade measurement unit (20); and at least two low-
grade measurement units (30, 40); wherein each of the
measurement units (20, 30, 40) comprises a sensor unit (22,
32, 42) and a processing unit (24, 34, 44) operatively
coupled to the respective sensor unit (22, 32, 42), wherein
the respective sensor units (22, 32, 42) measure accelera-
tions and angular rates of the aircraft and provide raw data
based on said measurements; wherein the respective pro-
cessing units (24, 34, 44) process the raw data provided by
the sensor units (22, 32, 42) and provide processed data
reflecting the velocity and/or attitude of the aircraft; the
method comprising: at a sensor monitoring unit (50), receiv-
ing the raw data output by each of the sensor units (22, 32,
42) and evaluating according to at least one predetermined
criterion whether the raw data of each sensor unit (22, 32,
42) are consistent with one another; and at an attitude
monitoring unit (52), receiving the processed data output by
each of the processing units (24, 34, 44) and evaluating
according to at least one predetermined criterion whether the
processed data of each processing unit (24, 34, 44) are
consistent with one another. The invention furthermore
relates to a corresponding inertial measurement assembly
(10) of an aircraft with integrated integrity monitoring and
an aircraft comprising such an assembly.
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METHOD AND ASSEMBLY FOR
MONITORING THE INTEGRITY OF FREE
INERTIAL POSITION AND VELOCITY
MEASUREMENTS OF AN AIRCRAFT

[0001] The present invention relates to a method for
monitoring the integrity of free inertial position and velocity
measurements of an aircraft as well as to an inertial mea-
surement assembly of an aircraft with integrated integrity
monitoring and an aircraft comprising such an assembly.
[0002] Measuring the inertial position and velocity of an
aircraft is critical to flight control in particular in aircrafts
with vertical takeoff and landing capabilities, especially
during their hover and transition phases of flight. Also, many
autonomous systems with high level of automation in such
aircrafts, such as advanced autopilot or even fully-auto-
mated flight control systems heavily rely on precise and
correct measurements of the inertial position and velocity of
the aircraft, such that it is of utmost importance to be able
to detect any occurrence of sensor failure, degraded perfor-
mance or erroneous computation for all relevant quantities
during determining the inertial position and velocity. The
integrity of the free inertial velocity is also critical in
monitoring of GNSS-based and hybrid/coupled inertial posi-
tion and velocity measurements.

[0003] In this context, different types of measurement
units are known, which can provide measurements of the
inertial position and velocity or at least an attitude of an
aircraft by means of detecting accelerations and angular
rates at different installation positions in the aircraft. It is
furthermore known to additionally employ global navigation
systems (GNSS) to ensure the integrity of inertial position
and velocity measurements and to correct for sensor drift,
which inevitably occurs during the detection and integration
of accelerations and angular rates and may be more or less
pronounced and problematic in different available types of
sensors. These GNSS corrections are however dependent on
the integrity of the GNSS signal in space, which is subject
to various effects that could affect accuracy and integrity.
For this reason, cross comparison is needed for monitoring
between the free inertial and hybrid solutions, where the
hybrid solution is the fusion of the inertial sensors with
GNSS data to improve the accuracy of both the inertial
velocity and position.

[0004] Examples for available measurement units for this
application include AHRS (attitude heading reference sys-
tem) and INS (inertial navigation system) type units, which
may in turn comprise angular rate and acceleration sensors
of different grades of performance and corresponding costs,
in particular fibre optic, MEMS devices or mechanical
gyroscopic platforms, etc.

[0005] Since it is furthermore essential that reliable mea-
surements of the inertial position and velocity are available
at all times during flight even in case of failures or problems
in at least one available measurement unit, at least three
redundant measurement units are usually provided in a
single aircraft which depending on the employed unit types
thus contribute to a certain extend to the weight and the
system cost of the aircraft as a whole.

[0006] One aspect in configurations with multiple redun-
dant measurement units is the integrity monitoring of said
plurality of units by means of which it has to be ensured that
the data provided by the individual units is consistent and
reliable such that it can be used for automated systems or
pilot assistance. Previously, each such unit has monitored
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the integrity of its own output, however, unit types only
capable of providing measurements of accelerations and
angular rates yet without the capability of providing accurate
inertial position and velocity measurements themselves
would have had to rely on GNSS data which may not always
be readily available.

[0007] Due to these shortcomings in the integrity moni-
toring strategy with certain types of measurement units, in
order to provide a reliable and redundant system, all of the
redundant units in previously known aircrafts were of high-
grade types, which are capable of providing the full range of
necessary data for the calculation of the free inertial position
and velocity of the aircraft, without relying on additional
GNSS corrections. However, said high-grade measurement
units are relatively expensive and heavy such that it would
be beneficial to be able to reduce the weight and costs of an
integrated inertial measurement assembly of an aircraft,
while still being able to ensure full integrity monitoring of
the output of said measurement units.

[0008] It is therefore the object of the present invention to
provide for an integrity monitoring of the free inertial
position and velocity measurement in an aircraft which
meets desired safety requirements without relying on GNSS
availability while using components with reduced costs and
system weight.

[0009] For this purpose, according to a first aspect, the
present invention relates to a method for monitoring the
integrity of the inertial position and velocity measurements
of an inertial measurement assembly of an aircraft, wherein
the measurement assembly comprises at least one high-
grade measurement unit and at least two low-grade mea-
surement units, wherein each of the measurement units in
turn comprises a sensor unit and a processing unit opera-
tively coupled to the respective sensor unit, wherein the
respective sensor units measure accelerations and angular
rates of the aircraft and provide raw data based on said
measurements, wherein the respective processing units pro-
cess the raw data provided by the sensor units and provide
processed data reflecting the position, velocity and attitude
of the aircraft, wherein the method comprises at a sensor
monitor unit, receiving the raw data output by each of the
sensor units and evaluating according to at least one prede-
termined criterion whether the raw data of each sensor unit
are consistent with one another, and at an attitude monitoring
unit, receiving the processed data output by each of the
processing units and evaluating according to at least one
predetermined criterion whether the processed data of each
processing unit are consistent with one another.

[0010] Thus, according to the method of the present inven-
tion, measurement units of different grades may be com-
bined in a way that monitoring of the integrity of the overall
system and in particular the at least one high-grade mea-
surement unit is possible in order to identify erroneous
hybrid inertial position and velocity data, even without
relying on GNSS by using the free inertial position and
velocity data, while being able to replace at least some of the
high-grade measurement units of the above-discussed prior
art systems with lighter and cheaper low-grade measurement
units without any deterioration of the system concerning its
ability to monitor its integrity. The method according to the
invention is furthermore capable of detecting both failures of
the primary sensor units, such as hardware failures, and
erroneous processing of data due to failures of the process-
ing hardware and/or software.
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[0011] Different techniques are conceivable for comparing
the output data of the individual sensor units and processing
units for evaluating whether they are consistent with one
another. In simple examples, thresholds for acceptable
deviations between the output sensor data may be used,
while in more sophisticated embodiments, high-level algo-
rithms, for example taking into account the known behav-
iour patterns of different sensor types may be employed
exclusively or in combination with other criteria.

[0012] Also, in case of a detection of an inconsistency
between sensor unit output and/or processing unit output,
different measures may be taken in the aircraft, for example
in the case that at least one of the sensor monitoring unit and
the attitude monitoring unit evaluates that the respective data
are inconsistent with one another, a warning may be issued
to a pilot of the aircraft and/or an operational mode of the
aircraft may be modified. For example, certain automated
functionalities of the aircraft may be switched off and
respective control responsibilities may be handed over to a
human pilot in case the integrity measurement shows an
inconsistency between the data provided by the individual
measurement units.

[0013] In any case, mitigation of the detected inconsisten-
cies and their respective effects may be undertaken with a
variety of strategies, which may comprise that in the case
that at least one of the sensor monitoring unit and the attitude
monitoring unit evaluates that the respective data are incon-
sistent with one another, an error location may be identified.
Such an error location may comprise an assessment, which
one out of the plurality of measurement units provides
output data which is inconsistent with the remaining mea-
surement units, such that the identified unit can be excluded
and the error isolated. In case it is found that the high-grade
sensor (INS) is the source of the error, it may be deduced that
the computed free inertial position and velocity has lost
integrity and is no longer a valid source of data. It may
further be determined that the hybrid solution would also be
affected and GNSS corrections may be incorrectly excluded,
despite being correct, due to the failure of the high-grade
sensor. The system would therefore revert away from using
the free inertial data as a source for monitoring the GNSS
solution, rather using the hybrid solution, if available, from
the low-grade sensors or the pure GNSS solution for inertial
position and velocity.

[0014] While it is in principle possible that the sensor
monitoring unit and the attitude monitoring unit are working
completely independently, in other possible embodiments,
the attitude monitoring unit may be operatively coupled to
the sensor monitoring unit and therefrom receive data on the
outcome of the evaluating whether the raw data of each
sensor unit are consistent with one another, such that said
previously evaluated status of the sensor units may equally
be processed by the attitude monitoring unit in order to
derive whether the processed data is consistent with one
another by means of suitable algorithms which use the
output of the sensor monitoring unit as one of their input
variables.

[0015] Compared to the frequency at which a flight control
unit of a typical aircraft is operating, the evaluating of the
raw data and/or the processed data in the method according
to the present invention may be performed at a frequency
which is lower than said operational frequency of the flight
control unit and/or said frequency may be in the order of 0.1
to 10 Hz.

Sep. 15, 2022

[0016] According to a second aspect, the present invention
relates to an inertial measurement assembly of an aircraft
with integrated integrity monitoring, comprising at least one
high-grade measurement unit and at least two low-grade
measurement units, wherein each of the measurement units
comprises a sensor unit and a processing unit operatively
coupled to the respective sensor unit, wherein the respective
sensor units are configured to measure accelerations and
angular rates of the aircraft and provide raw data based on
said measurements, wherein the respective processing units
are configured to process the raw data provided by the sensor
units and provide processed data reflecting the free inertial
position, velocity and/or attitude of the aircraft, wherein the
assembly further comprises a sensor monitoring unit con-
figured to receive the raw data output by each of the sensor
units and evaluate according to at least one predetermined
criterion whether the raw data of each sensor are consistent
with one another, and an attitude monitoring unit configured
to receive the processed data output by each of the process-
ing units and evaluate according to at least one predeter-
mined criterion whether the processed data of each sensor
are consistent with one another.

[0017] Herein, the at least one high-grade measurement
unit may be of the INS type and/or the at least two low-grade
measurement units may be of AHRS type. In such configu-
rations, the at least one INS type high-grade measurement
unit may produce position, velocity and attitude estimations
for the aircraft, while the two or more AHRS type low-grade
measurement units produce only attitude estimations. Fur-
thermore, the AHRS type measurement units are both lighter
and cheaper than INS measurement units, however, with the
method according to the invention as discussed above, a full
integrity monitoring and a reliable operation of the inertial
measurement assembly according to the present invention
can be guaranteed nonetheless. Generally speaking, how-
ever, the architecture of at least one high-grade measurement
unit providing free inertial position, velocity and attitude
estimations and at least two low-grade measurement units
providing attitude estimations only independently from the
actual unit types may allow for an indirect monitoring of the
free inertial position and velocity measurements without the
necessity to produce redundant estimations thereof.

[0018] The sensor units of the measurement units may in
turn comprise at least one angular rate sensor and at least one
acceleration sensor, in particular a gyroscope, an acceler-
ometer, a fibre optical device and a MEMS device, etc. while
generally speaking, the present invention is not restricted to
any of said types of sensor units but any suitable sensor unit
type and number may be employed for this purpose.

[0019] Also, the sensor monitoring unit and the attitude
monitoring unit of the assembly according to the invention
may be implemented in a single device, such as a single
piece of hardware, or duplicated over-redundant devices.

[0020] Additionally and for further redundancy and sensor
fusion purposes, the assembly according to the invention
may nevertheless additionally comprise at least one GNSS
receiver. However, the assembly according to the invention
is especially suitable to increase the integrity of the free
inertial position and velocity measurement for meeting
desired safety requirements even without relying on GNSS
availability at all times.
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[0021] As already mentioned above, the at least two
low-grade measurement units may be more compact than the
high-grade measurement units in addition to being both
lighter and cheaper.

[0022] Furthermore, the present invention relates to an
aircraft, which comprises an inertial measurement assembly
according to the present invention as well as a flight control
unit, wherein preferably at least one of the sensor monitoring
unit and the attitude monitoring unit may be implemented by
the flight control unit, i.e. the same hardware. Alternatively,
at least one of the sensor monitoring unit and the attitude
monitoring unit may be provided as a separate device and be
coupled to the flight control unit of the aircraft via suitable
communication means.

[0023] Further features and advantages of the present
invention will become even clearer from the following
description of an embodiment thereof when taken together
with the accompanying FIG. 1, which shows a schematic
view of an inertial measurement assembly according to the
present invention.

[0024] Insaid FIG. 1, an inertial management assembly of
an aircraft, for example an electrical propulsion vertical
take-off and landing (eVTOL) aircraft, is generally denoted
with reference numeral 10 and comprises a single high-
grade measurement unit 20, for example of the INS type, as
well as two low-grade measurement units 30 and 40, for
example of the AHRS type. While in the following mainly
one of the low-grade measurement units 30, 40 will be
discussed in detail, it shall at this point be pointed out that
said two units may be chosen to be of an identical type or
that they can be chosen of dissimilar types in order to further
increase redundancy under certain conditions, if this is
required or desired in the actual implementation of the
assembly and the aircraft.

[0025] The high-grade measurement unit 20 in turn com-
prises a sensor unit 22, which detects accelerations and
angular rates of the aircraft and provides accordingly raw
data to a processing unit 24 of the high-grade measurement
unit 20, in which the raw data are processed in a manner that
the attitude as well as the inertial velocity of the aircraft can
be derived and corresponding data will be output. Said
processing may for example comprise integrating accelera-
tions over time in order to retrieve velocities and positions,
such that on average a certain rate of sensor drift is expected
over time due to imperfections of mechanical and/or elec-
tronic components.

[0026] Similarly, the low-grade measurement units 30, 40
comprise respective sensor units 32, 42 as well as processing
units 34, 44, wherein again the sensor units 32, 42 output
raw data representing accelerations and angular rates and the
processing units 34, 44 process said data in order to at least
provide an estimated attitude of the aircraft. Compared to the
high-grade measurement unit 20, the low-grade measure-
ment units 30, 40 may be of a lower grade in that they are
cheaper and lighter, employ less sensitive sensor units,
which in turn provide less precise acceleration and angular
rate data and/or may be configured to only output attitude
data without calculating and providing the free inertial
position or velocity of the aircraft itself.

[0027] Furthermore, the assembly 10 according to the
invention comprises a sensor monitoring unit 50 as well as
an attitude monitoring unit 52, which are implemented by
means of suitable hardware and receive raw data from the
sensor units 22, 32, 42 of the measurement units 20, 30, 40
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and processed data output by the processing units 24, 34, 44
of the measurement units 20, 30, 40, respectively.

[0028] Each of the sensor monitoring unit 50 and the
attitude monitoring unit 52 is configured to evaluate the data
provided by each of the measurement units 20, 30, 40
according to predetermined criteria by means of suitable
algorithms in order to evaluate whether the raw data and
processed data, respectively, are consistent with one another
among the individual measurement units 20, 30, 40. For this
purpose, the attitude monitoring unit 52 may further receive
data output by the sensor monitoring unit 50 concerning the
status of the individual sensor units 22, 32, 42 as a possible
input for its processing operations.

[0029] As further shown in FIG. 1, the inertial velocity
output by the high-grade measurement unit 20 to a flight
control unit 60 of the corresponding aircraft may thus be
vetoed depending on whether one of the sensor monitoring
unit 50 and the attitude monitoring unit 52 evaluates that the
respective outputs of the sensor units 22, 32, 42 or process-
ing units 24, 34, 44 are inconsistent with one another. Said
veto may for example be performed by a dedicated veto
hardware unit or for example also by the flight control unit
60 based on the output data of the sensor monitoring unit 50
and the attitude monitoring unit 52. Accordingly, the flight
control unit 60 may take corresponding measures for miti-
gating the detected inconsistency between the measurement
unit 20, 30, 40 and for example may issue a warning to a
pilot of the aircraft or modify an operational mode of the
aircraft.

1. A method for monitoring the integrity of an inertial
measurement assembly of an aircraft,
the measurement assembly comprising:
at least one high-grade measurement unit; and
at least two low-grade measurement units;
wherein each of the measurement units comprises a
sensor unit and a processing unit operatively coupled
to the respective sensor unit,
wherein the respective sensor units measure accelerations
and angular rates of the aircraft and provide raw data
based on said measurements;
wherein the respective processing units process the raw
data provided by the sensor units and provide processed
data reflecting the velocity and/or attitude of the air-
craft;
the method comprising:
at a sensor monitoring unit, receiving the raw data
output by each of the sensor units and evaluating
according to at least one predetermined criterion
whether the raw data of each sensor unit are consis-
tent with one another; and
at an attitude monitoring unit, receiving the processed
data output by each of the processing units and
evaluating according to at least one predetermined
criterion whether the processed data of each process-
ing unit are consistent with one another.
2. The method according to claim 1,
further comprising, in the case that at least one of the
sensor monitoring unit and the attitude monitoring unit
evaluates that the respective data are inconsistent with
one another, issuing a warning to a pilot of the aircraft
and/or modifying an operational mode of the aircraft.
3. The method according to claim 1, further comprising,
in the case that at least one of the sensor monitoring unit and
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the attitude monitoring unit evaluates that the respective data
are inconsistent with one another, identifying an error loca-
tion.

4. The method according to claim 1, wherein the attitude
monitoring unit is operatively coupled to the sensor moni-
toring unit and therefrom receives data on the outcome of the
evaluating whether the raw data of each sensor units are
consistent with one another

5. The method according to claim 1, wherein evaluating
of the raw data and/or the processed data is performed at a
frequency which is lower than an operational frequency of
a flight control unit of the aircraft and/or at a frequency in
the order of 0.1 to 10 Hz.

6. An inertial measurement assembly of an aircraft with
integrated integrity monitoring, comprising:

at least one high-grade measurement unit; and

at least two low-grade measurement units;

wherein each of the measurement units comprises a

sensor unit and a processing unit operatively coupled to
the respective sensor unit,
wherein the respective sensor units are configured to mea-
sure accelerations and angular rates of the aircraft and
provide raw data based on said measurement;
wherein the respective processing units are configured to
process the raw data provided by the sensor units and
provide processed data reflecting the velocity and/or attitude
of the aircraft;
the assembly further comprising:

a sensor monitoring unit f configured to receive the raw

data output by each of the sensor units and evaluate
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according to at least one predetermined criterion
whether the raw data of each sensor units are consistent
with one another;

an attitude monitoring unit configured to receive the

processed data output by each of the processing units
and evaluate according to at least one predetermined
criterion whether the processed data of each processing
unit are consistent with one another.

7. The assembly according to claim 6, wherein the at least
one high-grade measurement unit is of the INS type and/or
the at least two low-grade measurement units are of the
AHRS type.

8. The assembly according to claim 6, wherein the sensor
units comprise at least one angular rate sensor and at least
one acceleration sensor, in particular a gyroscope, an accel-
erometer, a fibre optical device and a MEMS device, etc.

9. The assembly according to claim 6,

wherein the sensor monitoring unit and the attitude moni-

toring unit are implemented in a single device.

10. The assembly according to claim 6,

further comprising at least one GNSS receiver.

11. The assembly according to claim 6,

wherein the at least two low-grade measurement units are

more compact than the high-grade measurement unit.

12. An aircraft, comprising an inertial measurement
assembly according to claim 6, and a flight control unit.

13. The aircraft according to claim 12, wherein at least
one of the sensor monitoring unit and the attitude monitoring
unit is implemented by the flight control unit.
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